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Three-Dimensional SOI-MEMS Constructed by
Buckled Bridges and Vertical Comb Drive Actuator
Minoru Sasaki, Danick Briand, Wilfried Noell, Nicolaas F. de Rooij, and Kazuhiro Hane
Abstract—A new method for realizing three-dimensional
structures based on the standard silicon-on-insulator micro-
electromechanical systems is developed using vertically buckled
bridges as structural elements. The vertical displacement, profile
of the bridge, and obtainable accuracy of the displacement are
examined. Using the lateral dimension control of the bridge and
the supporting beams, the vertical positioning is realized based on
the planer photolithography. As a demonstration, a vertical comb
drive actuator is prepared and its performance is examined.
Index Terms—Buckling, silicon-on-insulator microelectrome-
chanical systems (SOI-MEMS), three-dimensional (3-D) structure,
vertical comb drive actuator.
I. INTRODUCTION
FABRICATION of microelectromechanical systems(MEMS) using a silicon-on-insulator (SOI) wafer is now
a well-recognized technology. Compared to thin poly-Si films
used in the surface micromachining, the bulk thick crystal
Si (c-Si) device layer in the SOI wafer is advantageous for
obtaining the rigid mirror with the optical grade flatness. At
the cost of obtaining the robust mechanical elements, the
driving using the microactuator becomes technical. Typical
SOI-MEMS use the lateral movement [1]. The flexible spring
in the lateral direction is obtained easily by designing beams
with a narrow width (typically a few m) in combination with
the deep reactive ion etching (RIE) of Si [2]. The combination
of such spring with the lateral comb drive actuator, which can
be fabricated at the same time, keeps the fabrication process
simple [3].
The in-plane layout is, however, limiting in the variations of
the realizable optical setup and the actuator motion. Some ap-
plications require the vertical movement of the mirror. This is
relatively difficult to realize in SOI-MEMS. In the field of the
surface micromachining [4], the structural variation increases
with the number of poly-Si structural layers. The fabrication
process with the technologies available is depositing several
poly-Si and SiO layers necessary for realizing the structure.
Many sophisticated mirror devices have complicated structures
using many poly-Si layers [5]. According to the analogy, con-
trolling the position of the device c-Si layer in SOI-MEMS is
attractive to provide more variations in the structure. For optical
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scanners, vertical comb drive actuators are frequently used for
rotating micromirrors. The paired combs have to be positioned
at different heights. As for the bulk micromachining, the wafer
bonding technique is an established approach for realizing the
vertical comb drive actuator [6]–[9]. The delay mask technique
is also useful [10]. As a straightforward method, Si dry etching
is simply carried out from the front side and backside of the
wafer [11]. The backside Si etching tends to become deep in-
creasing the technical difficulty due to the limit of the delicate
etching performance.
Another approach is to prepare the final structures using a
post processing steps [12]. After the fabrication of rather planer
structures keeping the process standard, some structures of
the design are moved up vertically to a new position realizing
the three-dimensional (3-D) structure. The well-known first
approach is the surface micromachining using pin-jointed
movable structures [13]. Many driving force has been tried
for lifting up the structures, for example, microactuators [14],
[15], stress accumulated in the metal film [16], [17], surface
tension of photoresist [18], glass [19], solder [20], and so on
[21]. Fundamentally, the used force is tensile. The compres-
sive stress is avoided, since this will increase the risk of the
adhesion to the underlying layer [22]. When the vertical comb
drive actuator is considered, the post-processing approach is
advantageous since the paired combs can be patterned from
the single mask realizing the accurate relative position [23],
[24]. However, when some parts are designed to be flexible for
the large lifting distance, the overall device tends to become
mechanically unstable. The locking mechanism after lifting
is one strategy to stabilize the structure [16]–[18], [20]. This
complicated mechanism will be possible for poly-Si surface
micromachining. When the bulk Si material is used as the
fabrication technology, the heat treatment has been examined
for changing the structural shape [25], [26]. A stable structure
realized by a simple fabrication process, which can be compat-
ible with SOI-MEMS process, will be advantageous. Jeong et
al. recently used the bending of the cantilever for generating
the vertical combs [27].
In this paper, Si structures are lifted up realizing the 3-D struc-
ture of the SOI-MEMS by introducing the vertically buckled Si
bridges. The vertical comb drive actuator is realized as a simple
demonstration and its performance is examined.
II. PRINCIPLE
Fig. 1 shows a schematic illustration that explains the prin-
ciple. The bridge is made of Si and SiO layers. When the un-
derlying SiO sacrificial layer is removed and the mechanical
1077-260X/04$20.00 © 2004 IEEE
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Fig. 1. Schematic illustration of the principle. The inset illustrates the stress distribution across the beam.
structure is released, the compressive stress accumulated inside
the thermally grown SiO film is no more supported. The bridge
buckles vertically lifting its center as shown in Fig. 1(b). The
suspension bars fix the bridge at its corners being allowed to
rotate. Suspension bars are designed to have small spring con-
stant for not disturbing the buckling motion of the bridge. This
movement can be used for lifting a part of microstructures up to
the new position. For the final release of the structure using the
sacrificial layer etching, holes are opened inside the bridge. For
minimizing the decrease of the buckling force, the area of the
etching holes is minimized. The etching holes are distributed in
a honeycomb in a structure with the aim of reducing the length
of the underetching of the sacrificial layer. Supposing that the
area of the Si and SiO layers is the same, the bridge can be
approximated by the simple composite beam. The thin poly-Si
covering layer is ignored. According to the balance of force and
moment after the buckling, the bridge will have an uniform ra-
dius of curvature. This radius of curvature can be easily esti-
mated. The following equation can be obtained from the balance
of the force working at the cross-section of the bridge:
(1)
Here, and are the area covered by the SiO and Si films
[see inset of Fig. 1(b)], and are stresses inside the SiO
and Si films, respectively. Before buckling, and are
and 0, respectively. is the initial compressive stress accumu-
lated inside the SiO film. In this study, the value used is 0.285
GPa, which is the moderate average of reported values obtained
from the experiment [28]. Due to the buckling, this stress will
be relaxed with the deflection
(2)
where and are the Young’s modulus of SiO and c-Si.
The coordinate can be defined from the neutral axis inside the
bridge
(3)
where is the position of the neutral axis, is the coordinate
along the axis, and has minus value in this condition. From
the balance of the moment, another equation can be obtained
(4)
Unknown and can be numerically calculated from these two
equations. Since the buckled bridge has the uniform radius of
curvature , the maximum displacement at the center can
be written as follows:
(5)
where is the length of the bridge showing the square relation
to .
III. FABRICATION
An SOI wafer, with a Si device layer and a buried oxide layer
15 and 2- m thick, is used. This wafer is thermally oxidized
at 1100 C obtaining a 1.97- m-thick SiO film [Fig. 2(a)].
The remained device Si thickness is estimated to be 14.1 m.
After the Cr deposition used as a hard mask against the HF wet
etching, the SiO layer is patterned as a mesh. Then, the wafer
is covered by the 200-nm-thick poly-Si film grown at 600 C
[Fig. 2(b)]. The pinholes are suppressed by growing the film in
two steps. This poly-Si and the underlying SiO layers are par-
tially removed for opening the contact electrodes [Fig. 2(c)]. At
this step, the wafer has at least 2.4 m height difference due to
the SiO and poly-Si layers. This is still not a serious problem
for the spin coating and the standard patterning of the planer
lithography. The subsequent processes are the same as those
used in standard SOI-MEMS technology. The next patterning
defines the device structure. For protecting the mesh-patterned
SiO film during the sacrificial SiO layer etching, patterning a
resist without misalignment is necessary for covering the entire
SiO region using poly-Si film. In our experiment, the alignment
margin is 2.4 m. After the continuous dry etching of poly-Si
and c-Si [Fig. 2(d)], the sacrificial layer etching is carried out.
When the bridge is released inside HF solution, the bridge au-
tomatically buckles to the vertical direction. This motion de-
creases the contact area and the adhesion possibility [Fig. 2(e)]
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 01,2010 at 23:32:19 EST from IEEE Xplore.  Restrictions apply. 
SASAKI et al.: 3-D SOI-MEMS CONSTRUCTED BY BUCKLED BRIDGES AND VERTICAL COMB DRIVE ACTUATOR 457
Fig. 2. Fabrication sequence of the buckled bridge and the vertical comb drive
actuator.
[22]. The device is freeze-dried using the sublimation of cyclo-
hexane. Being connected to the center part of bridges, the mirror
is lifted up generating the vertical comb drive actuator and the
space for the mirror rotation.
IV. RESULTS
A. Buckled Bridge
Fig. 3(a) shows one fabricated structure. There are two par-
allel bridges, which buckles upward generating shallow arches.
The bridge length is 1500 m. The obtained vertical displace-
ment is 26 m. The displacement is measured using the confocal
microscope. The center part is a rotational mirror with holes
having the vertical comb drive actuator at both sides. The sur-
rounding six rectangles are electrodes. The center mirror is con-
nected to four electrodes via torsion bars and suspension bars.
The two electrodes at the center are for driving. The bridge is
aligned to the 100 direction of the (100) Si wafer, since this
direction has smaller Young’s modulus. Fig. 3(b) shows the op-
tical micrograph of this device. By using the low magnification
objective, the image brightness is sensitive to the tilt angle of the
structure. The buckling profile of bridges and the twisting pro-
file of suspension bars can be estimated from the image bright-
ness. The suspension bars are not only twisted but also bended
toward the bridge center due to the minute shrinkage of the total
length of the bridge. Fig. 4 shows magnified views of combs
lifted up by different displacements. Fig. 4(a)-(c) corresponds
to the buckled bridge length of 900, 1200, and 1500 m, re-
spectively. The vertical displacement increases with the bridge
length. The relative in-plane position between upper and lower
combs is maintained. The measured lateral shift is m
in average showing the pure vertical shift and the balance of
bridges. By preparing bumps at corners of the bridge as shown
Fig. 3. Micrographs of one demonstrated structure observed by (a) scanning
electron microscope and (b) optical microscope.
in Fig. 5, the possibility that adhesion occurs between the lifted
part and the substrate can be reduced. The contact area reduces
to the point in combination with the buckling motion of the
bridge. No adhesion is observed during the process even though
the maximum bridge is 2100 m in length on the 2 m thick
sacrificial SiO layer.
Fig. 6 shows the vertical (comb-to-comb) displacement as a
function of the buckled bridge length. The solid line is the the-
oretical estimation using a simple composite beam model. The
displacement reaches 52 m when the buckled bridge length is
2100 m. The vertical displacement can be controlled by the
lateral design. The main factor is the bridge length. Experimen-
tally, the minute difference of suspension bars (I- and T-shaped
bars as shown in Fig. 5) is examined. This is for confirming
the effect of the boundary condition. Both suspension bars have
a width of 5 and a length of 145 m and, therefore, have the
same twisting spring constant. Since the T-shaped bar (bridge in
T-shaped bar has a width of 5 and a length of 100 m) allows the
angular rotation at the base end of the straight bar, the boundary
condition becomes more flexible especially for the lateral shift.
For the vertical buckling of the bridge, corners of the bridge
have to not only twist but also shift in the lateral direction as
seen in Fig. 3(b). Open circles and dots correspond to bridges
suspended by I- and T-shaped bars, respectively. The gray points
show the difference between the experimental value and the the-
oretical estimation emphasizing the difference. T-shaped sus-
pension bars give a slightly larger displacement. It is in between
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Fig. 4. Magnified image of realized vertical comb. The vertical lifting
displacements are (a) 10 (b) 18, and (c) 26 m.
1.5 to 6.8% in ratio compared to the total value of vertical dis-
placement. The shorter bridge shows the larger increasing ratio
when the I-shaped bar is replaced to T-shaped bar.
The longer bridge has a significant divergence in the displace-
ment data. This can be attributed to the thickness variation of the
device Si layer over the wafer. The specification of the Si device
layer of the used SOI wafer is 15 0.5 m. Actually, the height
difference between the underlying handle Si and the device Si
is measured including the buried oxide thickness. This height
difference is 17.3 m at the center and 16.0 m at the periph-
eral of 4 wafer. Since the thickness of 2 m buried oxide layer
is uniform on the order of a few %, this can be attributed to
the local difference of the Si thickness. By setting the Si thick-
ness to 15 0.5 m in the calculation, the change of the ver-
tical displacement from the designed value is theoretically esti-
mated. Fig. 7 presents the result. Including the value, the feature
of Fig. 7 agrees well with the experimental data. The accuracy
of the absolute displacement realized by the buckled bridge is
mainly limited by the accuracy of the device Si thickness of the
SOI wafer. When two bridges are prepared next to each other,
their height difference will have a sub- m level of accuracy,
since they will have almost the same Si thickness.
Fig. 8 shows the cross-section of buckled bridges having a
simple straight structure as shown in the inset. The values of the
vertical displacement are smaller than those of bridges shown in
Figs. 3 and 6. This can be attributed to the decrease of the area
ratio of SiO layer to Si layer. Bridge profiles are almost the
same, overlapping each other, showing almost the same radius
of curvature. Note that the 2100- m-long bridge shows a rel-
atively larger radius of curvature. This can be attributed to the
stiffness of the suspension bars compared to the long buckled
bridge having a low spring constant.
B. Realized Vertical Comb Drive Actuator
Fig. 9 shows the mirror rotation angle as a function of the
driving voltage. The mirror and the underlying handling Si are
grounded. The positive voltage is applied to a driving electrode.
The initial comb-to-comb distance is the parameter. The mirror
size is 202 578 m . The comb finger is 55 m in length and
3.4 m in width. The number of comb pairs is 38.5 for one side.
The gap between combs is 3.6 m. The torsion bar is 2.4 m
in width and 200 m in length. Since the device Si layer is
14.1 m in thickness, combs overlap each other from the begin-
ning when the initial comb-to-tomb distances are 4.2 and 10 m.
The larger 10 m comb-to-comb distance generates the larger
rotation angle. With the larger vertical shift, the vertical force
is efficiently generated even though the same driving voltage
is applied. The mirror rotation follows a nearly linear relation
as a function of the driving voltage. When the comb-to-comb
distance increases to 18 m (a vertically 3.9 m gap is gener-
ated between combs), the curve becomes S-shape. A mirror ro-
tation up to 4.5 is obtained at the driving voltage of 55 V. In this
layout, the combs begin to overlap each other when the mirror
rotation reaches about 1.5 . After this, the curve changes to a
nearly linear relation having a larger slope as a function of the
driving voltage. And then, the mirror rotation saturates at around
4.5 over 55 V. The pull-in motion is suppressed. As for the low
driving voltage, the electrical field will be weak due to the large
gap between the combs until the combs overlap each other. The
setup with a 10- m comb-to-comb distance is advantageous at
the low driving voltage, since the increasing ratio of the mirror
angle is larger. When the vertical comb-to-comb distance further
increases to 26 m, the mirror rotation is not efficiently obtained
due to the weak electrical field. Although the electrical field in-
creases by applying a higher driving voltage, the instability of
the pull-in motion limits the controllable mirror rotation.
Due to the lateral force unbalance at the large driving voltage,
the mirror rotates in-plane direction generating a short circuit
from comb to comb. Since this phenomenon occurs from about
80 V for the device with a 26- m comb-to-comb distance, the
stable mirror rotation is limited to 2 . The inset of Fig. 10 il-
lustrates the typical motion. Fig. 10 plots the voltage at which
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Fig. 5. (a) I- and (b) T-shaped suspension bars. The bump is 4  4 m in design.
Fig. 6. Vertical displacement as a function of the buckled bridge length. Gray
colored data are the difference between the experimental and theoretical values.
Fig. 7. Change of the vertical displacement from the designed value
considering the thickness change caused by the quality limit of the SOI wafer.
The designed thickness of the SOI device layer and the thermally oxidized
layer are 15 and 2 m, respectively.
the in-plane rotation was observed. Although there is a signifi-
cant dispersion in data, this unstable voltage (or the stable oper-
ation region) increases with the initial comb-to-comb distance.
When the overlapping comb area increases with the mirror ro-
tation leading to large cross-axis forces, the sudden snapping
in-plane rotation of the mirror is generated. When the vertical
shift is 4.2 m, the in-plane rotation is observed even at about
40 V. Notice that the data for a 0- m comb-to-comb distance
(without buckling) is different in the mirror movement due to
the limited open space. The mechanical stopper protecting the
electrical shortage is included in the mirror as seen in the inset
of Fig. 10. For actuators having the large initial comb-to-comb
distance 18 m , this protection does not work efficiently re-
sulting in the break down of the torsion bar. Combs having the
Fig. 8. Cross-sectional profiles of buckled bridges having the structure as
shown in the inset.
Fig. 9. Mirror rotation angle as a function of driving voltage with the different
initial comb-to-comb vertical distance.
lateral gaps of 4.6 m are also examined. The stable region in-
creases with the lateral gap, at the cost of decrease of the driving
force for the mirror.
Fig. 11 shows the parasitic downward movement of the
buckled bridge when the driving force is applied for the mirror
rotation. This parasitic movement is obtained measuring the
displacement at the center of the buckled bridge. The ratio
between the parasitic displacement and the mirror rotation is
measured as a function of the spring constant of the buckled
bridge. The spring constant was experimentally measured
using the stylus profiler (KLA-Tencor, P-15) by measuring the
buckled bridge height changing the contact force. The longer
bridge corresponds to the smaller spring constant. According
to the data, the parasitic displacement is related to the balance
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Fig. 10. Driving voltage at which the in-plane rotation of the mirror occurs.
Devices with 26 m comb-to-comb distance and 4.6 m gap have an unstable
voltage larger than 100 V.
Fig. 11. Measured parasitic displacement at the center of the buckled bridge
during the mirror rotation. The bridges are suspended by the I-shaped bar.
of spring constants between the bridge and the twisting bar.
The buckled bridge having longer length needs the wider width
for obtaining a larger spring constant. The actuator generating
mirror rotation of 4.5 are supported by the bridge with the
spring constant of 178 N/m. The ratio is 32 nm/ . As for the
demonstrated device, the parasitic displacement is suppressed
at sub- m level.
Fig. 12 shows the typical frequency response. Fig. 12(a) is
obtained measuring the displacement at the mirror including the
displacement from the 900- m-long bridge. Measuring the re-
sponse with the phase relation at both sides of the mirror, peaks
at around 7 kHz are confirmed to correspond to the mode of
mirror rotation. Black and gray curves are obtained from devices
with bridges suspended by I- and T-shaped bars, respectively.
The smaller peaks at about 27 kHz correspond to the mode of
the vertical bending of the bridge. Fig. 12(b) shows this reso-
nant frequency as a function of bridge length. The resonant fre-
quency of the buckled bridges with T-shaped bars is smaller by
0.5–1.6 kHz compared to those with I-shaped bars. The reso-
nant frequency of bridges at 9.4–31 kHz is larger than that of
the mirror rotation at around 7 kHz.
V. CONCLUSION
A method for realizing 3-D structures in SOI-MEMS is
developed introducing the vertically buckled bridges. The
compressive stress of the thermally grown SiO film is used
Fig. 12. (a) Typical frequency response of the mirror lifted by the buckled
bridges. (b) Plot of the resonant frequency as a function of the bridge length.
Lack of some data is attributed to the damage during the operation, which
changes the characteristics.
for the buckling. The vertical displacement up to 50 m is
confirmed using 14.1- m-thick Si device layer. The simple
estimation of the buckling displacement agrees well with
the experimental data. This technique is compatible with the
standard planer lithography. A vertical comb drive actuator
is demonstrated, and its performance is measured confirming
the rigidity of the buckled bridge. The driving performance
of the vertical comb drive actuator changes depending on the
initial comb-to-comb distance. For obtaining larger rotation
of the mirror, the initial comb-to-comb distance a little larger
than the device Si thickness is appropriate. The demonstrated
mirror rotation is 4.5 at the driving voltage of 55 V showing
S-shaped curve against the driving voltage. For the driving at
low voltage, the vertical distance smaller than the device Si
thickness is appropriate showing a nearly linear relation.
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